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Summary

 

1.

 

The use of  floral resource subsidies to improve herbivore suppression by parasitoids requires
certain trophic interactions and physiological changes to occur. While the longevity and fecundity
of parasitoids are positively affected by nectar subsidies in laboratory studies, the impacts of floral
subsidies on the fecundity and longevity of freely foraging parasitoids have not been studied.

 

2.

 

We studied the longevity and 

 

per capita

 

 fecundity of  naturally occurring 

 

Diadegma insulare

 

foraging in cabbage plots with and without borders of flowering buckwheat, 

 

Fagopyrum esculentum,

 

as well as relationships between longevity, fecundity, sugar feeding and parasitism rates on larvae
of the diamondback moth, 

 

Plutella xylostella

 

.

 

3.

 

Relative longevity was estimated by counting broken setae on the fringe of the forewing. Floral
borders increased the longevity of males and females in adjacent cabbage plots.

 

4.

 

The egg maturation rate of  

 

D. insulare

 

 was estimated by comparing egg loads of  females
collected early in the day with egg loads of females held without hosts in field cages throughout the
day. Females in buckwheat cages matured 2·7 eggs per hour while females in control cages resorbed
0·27 eggs over the same time period.

 

5.

 

The fecundity of females collected in the afternoon was estimated by comparing their actual egg
load to the estimated egg load in the absence of  oviposition for females in a given plot. Females
foraging in buckwheat plots had marginally fewer eggs remaining in their ovaries, and laid
marginally more eggs than females in control plots. Females from both treatments carried 30–60
eggs by the afternoon and therefore were time-limited rather than egg-limited.

 

6.

 

Plots where a greater proportion of  females had fed on sugar had longer-lived females. This
suggests that feeding enhanced longevity of 

 

D. insulare

 

. However, plots with longer-lived and more
fecund females did not exhibit higher parasitism rates, although the power of these tests were low.
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Introduction

 

The use of habitat management in conservation biological
control provides opportunities to test hypotheses involving
the impact of resource subsidies on community structure
(Kean 

 

et al

 

. 2003). The ‘parasitoid nectar provision hypo-
thesis’ holds that biological control by parasitoids will be
improved by nectar subsidies (Heimpel & Jervis 2005). The
basic premise is that parasitoids tend to be sugar-limited in
simplified agricultural habitats, and that by providing them
with a nectar source, this limitation is alleviated, increasing
their longevity, fecundity, and ability to suppress herbivorous
pests. Some recent studies have documented parasitoids

ingesting sugars in the field from supplemental floral nectar
or other sources (Casas 

 

et al

 

. 2003; Wäckers & Steppuhn
2003; Heimpel 

 

et al

 

. 2004; Lavandero 

 

et al

 

. 2005; Winkler
2005; Lee, Andow & Heimpel 2006). Evidence that floral
resources lead to increases in parasitism rates in agricultural
settings is also mounting (English-Loeb 

 

et al

 

. 2003; Tylianakis,
Didham & Wratten 2004; Ellis 

 

et al

 

. 2005; Lavandero 

 

et al

 

.
2005), although this effect is by no means universal (Heimpel
& Jervis 2005). What are largely missing are studies that
mechanistically link sugar feeding to the population process
of herbivore suppression. If  supplemental nectar improves
herbivore suppression by alleviating sugar limitation among
parasitoids, we would expect parasitoid fecundity to increase
in the presence of supplemental nectar. In this paper, we
determine the effect of supplementary nectar on the fecundity
and longevity of naturally foraging parasitoids.
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The ways that common sugars or floral nectar improve
parasitoid longevity and fecundity are widely documented
in laboratory studies. A single sugar meal can reduce the
risk of  starvation by 73% (Siekmann, Tenhumberg &
Keller 2001). Feeding may increase fecundity via several
non-exclusive mechanisms. First, sugar feeding can affect
egg load directly either by reducing the rate of  egg
resorption (Heimpel, Rosenheim & Kattari 1997), or by
facilitating egg maturation (England & Evans 1997; Heimpel

 

et al

 

. 1997a; Olson & Andow 1998; Burger 

 

et al

 

. 2004;
Tylianakis 

 

et al

 

. 2004). Feeding on sugar enables parasitoids
to maintain high levels of  glycogen and sugar reserves
(Olson 

 

et al

 

. 2000; Fadamiro & Heimpel 2001; Giron & Casas
2003; Lee, Heimpel & Leibee 2004; Fadamiro 

 

et al

 

. 2005;
Wyckhuys 

 

et al

 

. 2008). Lipids are used in egg production
(Ellers & van Alphen 1997; Casas 

 

et al

 

. 2005), and ingesting
sugars/nectar may reduce the rate of lipid decline (Ellers 1996;
Lee 

 

et al

 

. 2004; Casas 

 

et al

 

. 2005) thereby possibly saving
lipid reserves for egg production. Second, feeding can
indirectly affect fecundity, through an increase in longevity
allowing more time to oviposit (Berndt & Wratten 2005).
Third, sugar feeding can provide energy required for efficient
host foraging, thus increasing the oviposition rate (Schmale

 

et al

 

. 2001).
Much of our understanding of how parasitoids respond to

resource subsidies comes from observable outcomes in the
field such as parasitism rates and parasitoid abundance, and
laboratory and field cage studies. Heimpel & Casas (2007)
have recently stressed the need to compare parasitoid
behaviour in the field and laboratory. While numerous studies
support the view that parasitoids should live longer and have
greater fecundity in the field with floral resources, other
variables may compromise the benefits. The benefits of feeding
may be negligible if  factors such as high temperature (Dyer &
Landis 1996; McDougal & Mills 1997; Chen, Onagbola &
Fadamiro 2005) or heavy predation pressure in the field kills
parasitoids at an age before starvation would be a major
limiting factor (Rees & Onsager 1982; Heimpel, Rosenheim &
Mangel 1997; Rosenheim 1998). Furthermore, floral habitats
might attract hyperparasitoids or generalist predators that
may attack nectar-feeding insects (Sholes 1984; Jervis 1990).
Finally, other nectar or honeydew sugars may be available to
parasitoids even in the absence of supplemental nectar sources,
thus negating the assumption of sugar limitation (Casas 

 

et al

 

.
2003; Wäckers & Steppuhn 2003; Heimpel & Jervis 2005;
Lee 

 

et al

 

. 2006a).
The impacts of  floral resources on the longevity and

fecundity of parasitoids foraging freely in the field have not
yet been monitored. However, parasitoid behaviour can be
studied in the field (reviewed by Heimpel & Casas 2007), and
estimates of the realized fecundity of parasitoids in the field
have also been obtained, but these can be complicated by the
fact that many parasitoids mature eggs throughout the adult
stage (‘synovigeny’; Jervis 

 

et al

 

. 2001). Casas 

 

et al

 

. (2000)
handled this problem by accounting for egg maturation rates
of the synovigenic 

 

A. melinus

 

 as part of their estimation of egg
laying (Casas 

 

et al

 

. 2000).

In our studies, we used a wing wear index for a parasitoid
(Lee, Leibee & Heimpel 2006), and methods pioneered by
Casas 

 

et al

 

. (2000) to determine the impact of floral resources
on the longevity and 

 

per capita

 

 realized fecundity of a parasi-
toid in the field. We studied 

 

Diadegma insulare

 

 (Cresson)
(Hymenoptera: Ichneumonidae), a dominant native,
synovigenic parasitoid of larvae of the diamondback moth,

 

Plutella xylostella

 

 L. (Lepidoptera: Plutellidae) in the
presence of annual flowering buckwheat 

 

Fagopyrum esculentum

 

(Moench) (Polygonaceae) floral borders. Buckwheat has
often been used in past studies of sugar supplementation
(Heimpel & Jervis 2005), and has an open corolla that
parasitoids can easily feed from.

 

Methods

 

The experiment was conducted in cabbage fields in the University
of Minnesota Field Experiment Station in Rosemount, Minnesota,
USA. We monitored 

 

D. insulare

 

’s fecundity in 2002 and longevity in
2002–03 in 16 cabbage plots (12 m 

 

×

 

 20 m) with or without buckwheat
borders (four plots for each treatment per year). All plots were
separated by at least 800 m to minimize parasitoid movement
among plots (map in Lee & Heimpel 2005). Each plot was embedded
in a separate soybean field since soybean is common in Midwest US
landscapes and soybean nectar cannot be fed upon by common
parasitoids of cabbage pests (Lee 2004). Cabbage (cv. ‘Gourmet’)
seedlings were transplanted on 6 June 2002 and 5 June 2003. Plots
consisted of 12 rows 20 m long, with 

 

c. 

 

55 cabbage plants in each
row, and with 100 cm between rows. Cabbage plots were planted in
new sites each year, left untreated by chemicals with weeds removed by
hand. Buckwheat strips (3 m wide) were planted along the 20 m
borders on 11 June 2002, and 9 June 2003, and then planted along
the 12 m borders on 3 July 2002 and 14 July 2003 to maintain a constant
supply of blooming flowers throughout the summer.

 

LONGEVITY

 

To determine the impacts of floral nectar on longevity, the number
of broken setae on the fringe of the forewing between the Rs and Cu
vein was counted on field-collected 

 

D. insulare

 

. The number of
broken setae consistently increased linearly with age for 

 

D. insulare

 

in several laboratory and field cage calibrations, demonstrating that
the number of broken wing setae can estimate relative age (Lee 

 

et al

 

.
2006b). 

 

D. insulare

 

 wasps foraging among cabbage plants were
captured with aspirators made of plastic tubing connected to a
bluntly cut 1 mL pipette tip with fine mesh glued to the cut end.
Aspirated wasps were gently expelled into 1·5 mL microcentrifuge
tubes with mesh bottoms. Wasps were collected between 9 am and
3 pm from 30 July to 2 September 2002 and 24 July–21 August 2003
when they were abundant along the cabbage rows, and buckwheat
plants were in bloom. In 2002, fecundity of field-collected wasps was
simultaneously being assessed, which required a full day of sampling
an individual plot on at least three given days (dates and number
captured in Table 1). In 2003, wasps were collected on six different
days per plot. 

 

Diadegma insulare

 

 captured on all dates within a plot
were pooled together by sex, and the effects of treatment, year and
treatment 

 

×

 

 year on the number of broken setae per wing were
tested using an 

 

anova

 

, with plot as the experimental unit and the
number of wasps per plot as subsamples (SAS 1995). The total
number of fringe wing setae between the Rs and Cu veins ranged
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between 139 and 144, and the maximum number of broken setae on
an individual wasp was 38. Assumptions of 

 

anova

 

 were met with
respect to the treatments and broken fringe wing setae.

 

FECUNDITY

 

To assess fecundity in 2002, 

 

D. insulare

 

 foraging among cabbage
plants were collected from 9 am to 3 pm, when females are most
active (Idris & Grafius 1998) and readily captured via aspiration.
Sampling was conducted as described in the longevity study in 2002.
Wasps were frozen in 1·5 mL microcentrifuge tubes with the time
recorded. Since 

 

D. insulare

 

 are synovigenic, counting egg loads of
females would not directly reveal how many eggs were laid. We used
methods similar to Casas 

 

et al

 

. (2000) to estimate the number of eggs
laid by synovigenic parasitoids. Half of the females collected
between 9 and 10 am were frozen immediately, and the other half
were released into a 30·5 

 

×

 

 30·5 

 

×

 

 61 (l 

 

×

 

 w 

 

×

 

 h) cm white plastic
mesh cage (two BioQuip® ‘Bug dorms’ linked together; BioQuip®
Rancho Daminquez, CA, USA) placed in the same field. Clusters
of buckwheat or soybean foliage, depending on the treatment, were
inserted into the cage through a sleeve while the plants remained
rooted in the soil. This allowed females to mature eggs with food
and shelter resources available in the plot, while not having access
to hosts. Caged wasps were frozen at 3 pm. To estimate the number
of eggs available at the start of the day, ‘morning’ females frozen at
9–10 am were dissected and the eggs in their ovaries counted. To
estimate the number of eggs matured over the 6- h study period, eggs
were counted in ‘caged’ females deprived of hosts.

Egg load data from the ‘morning’ and ‘caged’ wasps were used to
estimate fecundity with egg maturation rates calibrated separately for
each plot. The egg loads of ‘morning’ and ‘caged’ females were
graphed against time with a linear regression to generate estimates
of hypothetical egg loads in the absence of oviposition over the 6-
h period (Fig. 1 illustrates how this calculation was done for one of
the plots). Females collected between 1 and 3 pm were designated
‘afternoon’. Although 

 

D. insulare

 

 females continue flying after

3 pm, their flight activity peaks at noon and then declines (Idris &
Grafius 1998), so that fewer wasps were active after 3 pm. The egg
load of each ‘afternoon’ female was compared to the hypothetical
egg load generated by the host-deprived caged wasps to estimate
how many eggs had been laid (Fig. 1). Egg laying was estimated on
a per-hour basis since wasps were collected between 1 and 3 pm. All
‘afternoon’ females were pooled together by plot and tested for
treatment effects in an 

 

anova

 

. While egg load can vary by female
size, females had similar wing lengths of 3·28 ± 0·018 mm (mean ±
SEM) in buckwheat, and 3·29 ± 0·017 in control treatments, so no
adjustments were made for size.

Table 1. anova for treatment, year and treatment–year interactions on the number of the broken wing setae in D. insulare, and effect of
treatment on the ovarian egg load in the morning and afternoon, egg maturation rates, and number of eggs laid by D. insulare females

Effect  d.f. F P

Broken fringe wing setaea Females treatment 1,12 16·4 0·0016
years 1–2b year 1,12 2·2 0·16

treatment × year 1,12 0·05 0·83
Males treatment 1,12 13·4 0·0033
years 1–2c year 1,12 4·2 0·064

treatment × year 1,12 5·0 0·045
Initial egg load Morning females year 1d treatment 1,6 11·9 0·014
Remaining egg load Afternoon females year 1e treatment 1,6 5·7 0·055
Eggs laid per hour Afternoon females year 1 treatment 1,6 4·7 0·072

aSampling dates in year 1: buckwheat (plot one) 7, 15, 27, and 29 August 2002 (two) 6, 9, 16, and 30 August (three) 2, 11, and 20 August (four) 
30 July, 13 and 20 August, and control (plot one) 6, 14, and 27 August (two) 23, and 28 August, 2 September (three) 30 July, 11, 13, and 22 August 
(four) 8, 20, and 24 August. Sampling in year 2 for broken wing hair on 25 and 31 July, 1 and 7 August, 2003 in all eight plots, 14 and 21 August 
in two buckwheat and two control plots, and 12 and 18 August in the other four plots.
bNumber of female wasps per plot (subsamples), buckwheat-81, 114, 63, 78 in year 1; 39, 23, 39, 32 in year 2; control-72, 127, 95, 75 in year 1; 
23, 32, 26, 50 in year 2.
cNumber of male wasps per plot, buckwheat-115, 125, 124, 103 in year 1; 60, 69, 61, 69 in year 2; control-69, 24, 131, 51 in year 1; 77, 67, 71, 57 
in year 2.
dNumber of subsamples, buckwheat-13, 16, 12, 12; control-12, 30, 13, and 15.
eNumber of subsamples, buckwheat-32, 38, 24, 35; control-21, 43, 39, 31.

Fig. 1. Linear egg load estimation for D. insulare females in one
representative buckwheat plot to illustrate the method for estimating
the oviposition rate. Points indicate egg loads of females collected
during the first hour (09.00–10.00 h) that were either frozen or caged
and allowed to mature eggs (‘morning’ n = 12, ‘caged’ n = 12). The
estimated number of eggs laid by a collected female is the difference
between the hypothetical egg load in the absence of hosts and the egg
load of collected female at the given time.
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RELATIONSHIPS

 

 

 

BETWEEN

 

 

 

FEEDING

 

 

 

AND

 

 

 

PARASIT ISM

 

 

 

RATES

 

The effects of longevity (broken wing setae), fecundity (eggs laid per
hour), the proportion of sugar-fed wasps, and the probability of
nectar feeding, on parasitism rates of 

 

P. xylostella

 

 were examined.
Sugar and nectar feeding of wasps were determined by Lee 

 

et al

 

.
(2006a), where sugar feeding was determined using biochemical
analysis to detect fructose. Newly emerged and starved 

 

D. insulare

 

have less than 1 

 

μ

 

g of fructose Lee 

 

et al

 

. (2004). The probability of
nectar feeding (as opposed to honeydew feeding) for the subset of
wasps that fed on sugars was determined using methods described
by Lee 

 

et al

 

. (2006a). Parasitism on 

 

P. xylostella

 

 was assessed in the
same experimental plots by rearing all larvae collected from 5–10
random cabbage plants per plot each week (Lee & Heimpel 2005).
Regression models were used to investigate the effects of treatment,
and proportion of wasps sugar-feeding or probability of nectar feed-
ing (

 

x

 

-variables) on the number of broken wing fringe setae, or the
estimated number of eggs laid per hour. In separate models, the
effects of treatment, broken wing fringe setae or eggs laid per hour on
the proportion of diamondback larvae parasitized were investigated.

 

A priori

 

 power tests determined the effect size (

 

f

 

2

 

 = 

 

r

 

2

 

/(1 – 

 

r

 

2

 

)) neces-
sary for a significant regression with G*Power 3 (Faul 

 

et al

 

. 2007)
given: Power = 0·80, 0·95, sample size (plots) = 8, 16, and 

 

α

 

 = 0·05.

 

Results

 

LONGEVITY

 

Both female and male 

 

D. insulare

 

 collected from buckwheat
plots had significantly more broken wing setae than those
collected from control plots (Table 1; Fig. 2). For males, the
treatment–year interaction was significant, reflecting the fact
that in year 1, males from buckwheat had more broken setae
than those from control plots, and in year 2, males from both
treatments had similar numbers of broken setae.

 

FECUNDITY

 

‘Morning’ females collected from buckwheat plots had
significantly lower egg loads than those collected from

control plots (mean ± SE) 38·9 ± 1·76 and 48·9 ± 2·31 eggs,
respectively (Table 1). ‘Afternoon’ females collected in the
field had egg loads ranging from 6 to 90, and the 25–75%
quantile range for all females was 35–57 eggs (Fig. 3). Egg
loads of  ‘afternoon’ females from buckwheat plots were
marginally significantly lower than those of  females from
control plots, 44·3 ± 0·53 and 46·8 ± 0·87, respectively (Table 1).
When calculating egg maturation rates using ‘morning’ and
‘caged’ females, egg loads increased by 2·69 ± 0·592 eggs per
hour with respect to wasps caged with buckwheat plants, and
decreased by 0·268 ± 0·549 eggs per hour with respect to
wasps caged with soybean in control plots (Fig. 4). Two of the
four slopes of hypothetical egg load from buckwheat plots
were significantly greater than zero, while none of the slopes
from the control plots were significantly different from zero
(Table 2). A comparison of slopes suggests that egg maturation
was greater in buckwheat than control plots (Table 2; Fig. 4);
the average slope was 0·0457 ± 0·0105 for buckwheat, and
–0·00446 ± 0·00915 for control plots. Using this maturation
estimate, treatment had a marginally significant effect on eggs
laid by ‘afternoon’ females (Table 1). Females laid 1·38 ± 0·33
eggs per hour in cabbage plots bordered by buckwheat and
0·27 ± 0·43 eggs per hour in control plots.

Fig. 2. Number of broken fringe setae per wing for female and male
D. insulare from buckwheat and control treatments. Asterisk
indicates significant difference, α < 0·05.

Fig. 3. Egg load distribution of 263 ‘afternoon’ D. insulare females
collected from the field from 13.00–15.00 h.

Fig. 4. Egg maturation curves calculated from ‘morning’ and ‘caged’
D. insulare females in four buckwheat and four control plots.
Equations and sample sizes listed in Table 2.
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RELATIONSHIPS BETWEEN FEEDING AND PARASIT ISM 
RATES

The first set of  regressions tested whether treatment and
feeding status could account for some of the variation in lon-
gevity and fecundity of D. insulare in the field. The proportion
of females that were sugar-fed significantly increased with
broken wing setae at the per-plot level (Table 3, Fig. 5a). For
males, plots where more males had fed on sugar or had a
higher probability of  nectar feeding, likewise had males
with marginally more broken wing setae (Table 3). There was
no relationship between the proportion of sugar-fed females
nor the probability of nectar feeding on the number of eggs
laid per hour in the eight plots. Lastly, the number of broken
wing setae and eggs laid did not affect parasitism rates on
P. xylostella larvae (Table 3, Fig. 5b). However, the effect
size needed for these tests was high due to the low sample size
of 8 or 16 plots. The criteria r2 was 0·43 or higher, and only
predictors such as proportion sugar-fed and probability of
nectar feeding on broken wing setae had an r2 above 0·4
(Table 3).

Discussion

Buckwheat floral borders had a positive impact on the lon-
gevity of  D. insulare females and males foraging in the field,
as determined by broken wing setae counts. Floral habitat
appeared to enhance fecundity, as ‘afternoon’ females from
buckwheat treatments had marginally lower ovarian egg
loads toward the end of the foraging period, and laid margin-
ally more eggs per hour than females from controls. Also, egg
loads at the beginning of the foraging day were significantly
lower among females from buckwheat than control plots, sug-
gesting that more eggs were laid the previous day, that females
were not maturing a compensatory amount of eggs overnight,
and that females tend to remain in the same patch for two con-
secutive days. Moreover, plots where a greater proportion of
wasps had fed on sugar, or where wasps had higher probabil-
ities of nectar feeding, likewise had longer-lived wasps. This
is, to our knowledge, the first demonstration that floral
habitat can influence the longevity and fecundity of naturally

occurring parasitoids in the field, and that ingestion of nectar
or other sources correlates with longevity, corroborating
laboratory and field-cage studies with D. insulare (Idris &
Grafius 1995; Johanowicz & Mitchell 2000; Gourdine et al. 2003;
Lee et al. 2004) and D. semiclausum (Winkler et al. 2005).

While wasps from buckwheat treatments broke about one
more seta than wasps from controls, the actual age difference is

Plot
Eggs = intercept + slope (min)
min = 0 at 09.00 h

Linear regression

 d.f. F P r2

Buckwheat y = 32·92 + 0·06594x 1,22 11·4 0·0027 0·312
Buckwheat y = 37·67 + 0·03333x 1,22 2·3 0·14
Buckwheat y = 37·75 + 0·05655x 1,18 7·7 0·012 0·261
Buckwheat y = 42·23 + 0·02356x 1,28 1·1 0·30
Control y = 44·66 + 0·00114x 1,56 0·0074 0·93
Control y = 45·25 + 0·01852x 1,21 0·54 0·47
Control y = 50·62 – 0·01451x 1,26 0·46 0·50
Control y = 55·37 – 0·02299x 1,22 1·3 0·27
Effect of treatment on anova

Egg maturation slopes 1,6 13·0 0·011

Number of wasps per plot = 24, 24, 20, 30, 58, 23, 28, and 24, respectively.

Table 2. Egg maturation calibration lines
for ‘morning’ and ‘caged’ D. insulare females,
and comparisons of egg maturation rates by
treatment

Fig. 5. Relationships between (a) the proportion of females that have
fed on sugar and the number of broken wing setae (linear regression
d.f. = 1,14, F = 7·5, P = 0·016, y = –3·98 + 7·62x, r2 = 0·30), and (b)
the number of broken wing setae of females and parasitism rates of
diamondback larvae.
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unknown. Overall, field-collected wasps broke very few setae,
often less than 3 per wing, whereas wasps kept in field cages
broke 10 setae per day (Lee et al. 2006b). This could suggest
either that D. insulare in the field are very short-lived or that
wasps break setae much more slowly when foraging freely
than in closed environments. Using broken wing setae as a
relative age estimate assumes that wasps were breaking
setae similarly per unit time in both treatments. While setae
breakage rates can vary greatly by environment (Lee et al.
2006b), both treatments were similar in structure with
cabbage rows and dense vegetation surrounding it. In the
laboratory, D. insulare caged with buckwheat, soybean and
honey broke setae at a slower rate than those that were
caged with only soybean plants and honey (Lee et al. 2006b).
Thus, the greater number of  broken setae of  D. insulare from
buckwheat treatment probably reflects greater age of wasps in
buckwheat vs. control plots.

In the fecundity study, when comparing egg loads of
‘morning’ and ‘caged’ females, egg maturation was higher
with access to floral nectar than soybean plants, although
only marginally significant. Diadegma insulare caged without
buckwheat flowers resorbed eggs or matured eggs more
slowly than wasps caged with nectar. This may have resulted
from wasps not obtaining adequate amounts of sugar in the
soybean cage. While soybean aphid honeydew may have been
present in the cages, we have shown previously that this sugar
source has a lower nutritional value than buckwheat nectar
for D. insulare (Lee et al. 2004). Other parasitoids have greater
egg loads when given sugar/nectar than when starved (Hagley
& Barber 1992; England & Evans 1997; Tylianakis et al.
2004). Aphytis melinus resorbed nine eggs when starved over
a 36 h-period whereas honey-fed females did not resorb any
eggs over the same time period (Heimpel et al. 1997a). In our
study, females in buckwheat plots laid 1·4 eggs per hour while
females in control plots laid 0·3 eggs per hour. A difference of
1·1 more eggs laid per hour represents a 4·6-fold increase in
fecundity over the time course of our observations. This
increase in egg laying by D. insulare in buckwheat plots might
be explained by greater egg maturation rates that lead to
greater search intensity and successful host encounters
(Minkenberg, Tatar & Rosenheim 1992; Heimpel & Rosen-
heim 1998; Mangel & Heimpel 1998). However, females
collected from both treatments in the afternoon often had
30–60 eggs remaining in their ovaries, suggesting that D.
insulare in our fields were probably more time-limited than
egg-limited. This would argue against reduced foraging at
relatively low egg loads, although egg loads do not need to
be near zero to alter oviposition strategies (e.g. Rosenheim
& Rosen 1991; Collier, Murdoch & Nisbet 1994; Fletcher,
Hughes & Harvey 1994; Hughes, Harvey & Hubbard
1994; Heimpel & Rosenheim 1995; Michaud & Mackauer
1995).

Neither longevity nor fecundity of D. insulare females
within a plot accounted for variation of  parasitism rates of
P. xylostella larvae. Parasitism rates in those same plots in
year 2002–2003 were also not affected by the floral borders
(Lee & Heimpel 2005). Since females from buckwheat plotsT
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had higher longevity and possibly fecundity than females
from controls, and females had an abundance of eggs, the fail-
ure of floral supplementation to increase parasitism rates
was unexpected. This lack of an effect could be due to the
high effect size and r2 needed for a significant regression
with sample sizes of 8 or 16 plots, or it could indicate that
some assumptions about D. insulare behaviour within diver-
sified habitats are unmet. First, feeding may provide D. insu-
lare with ample carbohydrate reserves and induce them to
disperse to other host sites. For example, D. insulare might dis-
perse to other host patches to avoid inbreeding depression
(Butcher, Whitefield & Hubbard 2000). Or, parasitoids might
leave plots when hosts are no longer found at a certain rate,
as predicted by the marginal value theorem (Charnov 1976).
More specifically, the host-encounter-rate threshold required
for leaving a patch may be lower for well-fed wasps than
starving wasps because the fed wasps have adequate energy
reserves for flight. Second, host searching might decrease
when the habitat is diversified, as found with D. semiclausum
in monoculture vs. intercropped brassicas (Gols et al. 2005).
Thus, the time spent by parasitoids within buckwheat
vegetation may compete with time spent searching for hosts
(Sirot & Bernstein 1996) Third, although fed D. insulare may
live longer, they may spend additional time in other activities
such as grooming or resting, detracting from host searching
activity. In the laboratory, sugar-fed D. insulare were less
likely to walk/fly into a small host patch than were starved
wasps (Lee & Heimpel 2007). Although actively flying
wasps from buckwheat treatments might have oviposited
more during a foraging bout, more wasps might be inactive
in buckwheat than control plots and have remained unmoni-
tored by our collection techniques. Thus, females could be
more efficient for short durations in buckwheat treatments
but have similar lifetime fecundities to those of females in
control treatments. Due to the difficulty of  determining
oviposition rates among synovigenic parasitoids, short-term
oviposition was estimated but lifetime fecundity remains
unknown.

Although floral resources improved the longevity and
possibly short-term fecundity of  D. insulare foraging in
adjacent cabbage fields, it did not clearly lead to increased
overall parasitism rates. Likewise, other floral habitat
manipulations in the field have not consistently improved
biological control (reviewed by Heimpel & Jervis 2005). These
unexpected results emphasize the need to better understand
parasitoid behaviour and lifetime fecundity in the presence of
floral nectar sources and to determine whether factors such as
dispersal or searching rates differ between sugar-fed and
starved parasitoids.
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